Abstract. We propose a three-phase spectral matching imager (3PSMI) to realize a novel spectral matching method called quadrature spectral matching (QSM) in real time. The 3PSMI is comprised of the correlation image sensor (CIS) and wavelength-swept monochromatic illumination (WSMI) to perform QSM at each pixel on the CIS at a video frame rate. QSM consists of spectral correlation between an ac component of an object spectrum and an orthonormal pair of reference spectra, being equivalent to projecting the ac object spectrum onto a two-dimensional subspace spanned by the reference spectra. Similarity of the ac object spectrum to the reference spectra is evaluated in terms of the azimuth angle of the projection, independently of the norm of the ac object spectrum as well as spatial intensity distribution of the WSMI. A programable spectral light source is employed to implement the WSMI so that the spectral characteristics of the WSMI and CIS cancel each other and thus do not affect QSM on the 3PSMI. Experimental results confirm that the developed 3PSMI system can distinguish objects with smaller difference in spectral reflectance in real time than RGB imaging with off-the-shelf cameras.
Introduction
Spectral information, such as spectral reflectance or transmittance, has been found useful in the field of visual inspection of industrial 1 or agricultural products, 2, 3 biomedical diagnosis, [4] [5] [6] [7] [8] counterfeit detection, 9 and military surveilance, 10, 11 for example. Spectral reflectances and transmittances of objects are characteristic of the chemical composition or micro-/nanostructure of constituent materials. This property allows spectral reflectances or transmittances to serve as signatures for identifying the objects. These spectra even help distinguish between objects that have the same apparent color but different spectra.
Spectrum-based detection, recognition, identification, or discrimination of objects is usually realized by spectral matching, which evaluates similarity of the spectrum of an object to a reference spectrum serving as a signature of a particular material. Spectral similarity measures, such as spectral correlation, spectral angle, Euclidian distance, and spectral information divergence, [12] [13] [14] are computed from a measured spectrum of an object and a reference spectrum.
In machine vision, spectral reflectances and transmittances are measured with a multiband imaging system, 15 which acquires a set of multiple images of different spectral 0091-3286/2011/$25.00 C 2011 SPIE bands. A typical multiband imaging system is composed of a monochromatic camera and a multiband filter, which is placed either in front of the camera or at the exit of a separate light source. Multiband imaging systems reported thus far employ either an acousto-optic tunable filter, [16] [17] [18] [19] a set of genatin color filters, [20] [21] [22] a liquid-crystal tunable filter, 23, 24 an interference filter wheel, 25 or an imaging spectrograph consisting of two prisms and a grating. 26, 27 A practical problem with these spectral imaging systems is the significant amount of time it takes to acquire a set of multiband images. This makes it difficult to acquire spectral images of an object undergoing dynamic motion or deformation because the position or shape of the object is different in each multiband image.
To overcome this limitation, the authors have proposed an imaging system called a spectral matching imager (SMI), 28 which realizes spectral matching of the spctrum of an imaged object to a reference spectrum on the focal plane. The key component is the time-domain correlation image sensor (CIS), 29 which performs spectral correlation between the object and reference spectra at each pixel, and outputs the results as an image at a video frame rate. The advantage of the SMI lies in the capability of real-time spectral matching with high spectral resolution without the need of measuring the spectrum of an object itself.
A key consideration for the SMI is temporal modulation of the object spectrum with active spectral illumination. Two types of active spectral illumination have been devised. One is wavelength-swept monochromatic illumination (WSMI), which modulates the object spectrum to a temporal signal of light intensity with its waveform maintained. As a problem with the WSMI in the previous system, 28 realized with a linear halogen lamp, a diffraction grating, and a scanning mirror, the object spectrum was multiplicatively distorted by the peak intensity of the WSMI and the spectral sensitivity of the CIS. Moreover, as is always the case with spectral imaging, the higher spectral resolution becomes, the lower illumination intensity goes, and vice versa.
Another type of illumination is amplitude-modulationcoded multiband illumination (AMCMBI), in which each spectral band is amplitude-modulated with a carrier signal among an orthonormal basis set. The light intensity of the AMCMBI can be kept high because all of the spectral bands are simultaneously used for illumination. A light source for this illumination was developed with 12-band narrowband light-emitting diodes (LEDs). 30 As a drawback of this light source, however, spectral resolution could not be made uniformly high over the spectral channels because of the nature of LEDs.
Besides the active spectral illumination, both of the previous SMI systems mentioned above suffered another problem with spectral correlation on the CIS, which involved only a single reference spectrum. The spectral correlation output depends not only on the correlation coefficient between the object and reference spectra, but also on the norm of the ac component of the object spectrum, which is regarded as the average oscillation magnitude of the waveform. This means that the spectral correlation can become large even though the correlation coefficient is small or, in other words, the object spectrum does not match the reference spectrum well. Moreover, the output also depends on spatial intensity distribution of the active spectral illumination.
To solve the above problems with the previous SMIs, we propose the three-phase SMI (3PSMI). We introduce a novel spectral correlation technique called quadrature spectral matching (QSM), which employs an orthonormal pair of reference spectra, instead of a single reference spectrum, to produce two spectral correlations on the CIS. This technique effectively decouples the norm of the ac component of the object spectrum, as well as the spatial distribution of illumination intensity, from the evaluation of spectral similarity. We also improve the WSMI with a new apparatus called a programable spectral light source (PSLS), 31 by controlling the peak intensity so that it can cancel the spectral sensitivity of the CIS. These two considerations enable more reliable spectral matching that is robust to the spectral properties of objects and the imaging system. On the basis of the previous report, 32 which focuses on the proposal of the 3PSMI and preliminary experimental results, the present paper provides detailed analysis on the performance of the developed 3PSMI system.
The remainder of the paper is organized as follows. Section 2 describes the principle of QSM. Section 3 describes the developed 3PSMI and its operation principle. Section 4 presents experimental results obtained on the 3PSMI for an object consisting of color patches with small differences in spectral reflectance, and then evaluates the accuracy of the 3PSMI. Section 5 compares the accuracy of the 3PSMI to RGB imaging, and discusses the source of errors in the experiments presented in Sec. 4. Finally, Sec. 6 concludes this paper.
Quadrature Spectral Matching 2.1 Spectral Matching with a Single
Reference Spectrum In this study, spectral matching is defined as the correlation between the spectral reflectance or transmittance of an object R(λ) and a known reference spectrum ψ 0 (λ), where λ denotes the wavelength. This is expressed as
where [λ min , λ max ] denotes the wavelength range of interest.
It is emphasized that we are only interested in spectral matching of the ac components of object spectra. Any real spectral reflectance or transimittance R(λ) is positive at all wavelengths λ and thus can always be decomposed into a positive dc component R(λ) and an ac componentR(λ) given by
This implies that, even though R(λ) and ψ 0 (λ) have quite different waveforms, the correlation C(R, ψ 0 ) may become large if the dc components of them both are large. To avoid this problem, we remove the dc component from the reference spectrum ψ 0 (λ), i.e.,
We also let ψ 0 (λ) be normalized, i.e., have a unit norm as
These constraints modify Eq. (1) as
where cos θ 0 represents the correlation coefficient betweeñ R(λ), hereafter referred to as ac object spectrum, and the reference spectrum ψ 0 (λ). In Eq. (7), cos θ 0 serves as a degree of similarity and is called a spectral correlation measure in other literature. [12] [13] [14] In vector interpretation, C(R, ψ 0 ) gives a projection ofR(λ) onto the direction of ψ 0 (λ), with θ 0 representing the orientation angle ofR(λ) with respect to ψ 0 (λ), as illustrated in > 0 (i.e.,R(λ) exactly matches ψ 0 (λ) except for scaling). If R(λ) is orthogonal to ψ 0 (λ), then θ 0 = (1/2)π , cos θ 0 = 0 and C(R, ψ 0 ) = 0.
The single quantity C(R, ψ 0 ) in Eq. (6) was employed as a measure of spectral similarity in previous work. 28, 30 A drawback, however, is that the spectral correlation C(R, ψ 0 ) is not only proportional to the correlation coefficient cos θ 0 , but also to the norm ||R(λ)||, which is regarded as a measure of the average amplitude of the ac object spectrumR(λ). In other words, with only C(R, ψ 0 ) available, cos θ 0 cannot be estimated separately from ||R(λ)||. This causes the following problem. Suppose that another ac object spectrumR (λ) with an orientation angle θ 0 with respect to ψ 0 (λ) satisfies relations ||R (λ)|| > ||R(λ)|| and θ 0 > θ 0 (i.e., cos θ 0 < cos θ 0 ), as depicted in Fig. 2 . Then, the spectral correlation C(R , ψ 0 ) may become larger than C(R, ψ 0 ) if the norm ||R (λ)|| is significantly large enough to counter the effect of cos θ 0 < cos θ 0 . This leads to a wrong conclusion thatR (λ) matches ψ 0 (λ) better thanR(λ) even thoughR (λ) deviates farther from ψ 0 (λ) thanR(λ).
Spectral Matching with an Orthonormal Pair
of Reference Spectra To overcome the problem discussed in Sec. 2.1, we propose QSM, 32 which introduces another normalized ac reference spectrum ψ ⊥ (λ) that is orthogonal to ψ 0 (λ), i.e., 
Following Eq. (6), spectral matching of
where the definition of θ ⊥ follows that of θ 0 in Eq. (7). In vector interpretation, C(R, ψ 0 ) and C(R, ψ ⊥ ) jointly give a projection of a high-dimensional vectorR(λ) onto a two-dimensional subspace spanned by ψ 0 (λ) and ψ ⊥ (λ), as illustrated in Fig. 3 . We call this subspace ψ 0 (λ)-ψ ⊥ (λ) plane. From Fig. 3 , the projection is also represented by the magnitude ||R(λ)|| cos α and the azimuth angle φ in the plane, with α denoting the elevation angle. φ and α are related to θ 0 and θ ⊥ as
Substituting Eqs. (13) and (14) into Eqs. (6) and (11), we obtain φ and ||R(λ)|| cos α from the spectral correlations C(R, ψ 0 ) and C(R, ψ ⊥ ) as
Equations (15) and (16) mean that the azimuth angle φ of the projected component ofR(λ) onto the ψ 0 (λ)-ψ ⊥ (λ) subspace is estimated from C(R, ψ 0 ) and C(R, ψ ⊥ ) independently of the norm ||R(λ)||, though the elevation angle α still cannot be separated from ||R(λ)||. With α kept constant, the closer φ approaches to zero or (1/2)π , the better the waveform ofR(λ) matches ψ 0 (λ) or ψ ⊥ (λ), respectively. Thus in QSM, φ serves as a measure of spectral matching independently of the norm ||R(λ)|| of the ac object spectrumR(λ). In QSM, it is useful to make the orthonormal pair of reference spectra ψ 0 (λ) and ψ ⊥ (λ) represent the spectral reflectances of normal and abnormal objects, or target and background objects. In any case, ψ 0 (λ) and ψ ⊥ (λ) must be generated from one, two, or more real spectra of interest, which do not necessarily form an orthonormal basis. This can be done in several ways described in the Appendix.
Three-Phase Spectral Matching Imager
The 3PSMI proposed in this paper was developed as shown in Fig. 4 . The system consists of two key components-the CIS for executing QSM, and the PSLS for producing WSMI. Sections 3.1-3.4 first describe these elements and then the principle of three-phase spectral matching realized on this system.
Correlation Image Sensor
The CIS (Ref. 29 ) is a novel imaging device that can produce, pixelwise, the temporal correlations between the intensity signal of incident light and external reference signals at a video frame rate. The type of CIS used in this study, called three-phase CIS, has three inputs of reference signals g k (t) (k = 1, 2, 3), which are supplied to all of the pixels. g k (t) are arranged to satisfy g 1 (t) + g 2 (t) + g 3 (t) = 0. During a frame period T, each pixel (i, j) produces the temporal correlations between the intensity signal of incident light f ij (t) and g k (t), and outputs the resultant three images Q k (i, j) given by
where · = T 0 · dt denotes a time integral over T. In Eq. (17), Q k (i, j) represent the temporal correlations, which have two degrees of freedom in all under a constraint
, accounts for the average intensity of incident light over the frame period T. Figure 5 and Table 1 , respectively, show a photograph and specifications of the 390 × 366-pixel CIS camera used in this study.
Programable Spectral Light Source
We newly introduced the PSLS (Optronics Laboratories OL490, Orlando, FL, USA, Ref. 31) shown in Fig. 6 , to realize WSMI with desirable spectral calibration. 32 The PSLS cannot only produce illumination with an arbitrary spectral power distribution, but also change the spectrum at a high speed. 33, 34 Specifications of the PSLS are given in Table 2 . The WSMI is characterized with a narrowband spectral power distribution whose peak wavelength is swept linearly to time. As a significant improvement over the previous system, 28 the PSLS enables us to calibrate the peak intensity of the WSMI to exactly cancel the spectral sensitivity of the CIS. This prevents the imager from being affected by the spectral characteristics of the light source and camera.
Frame-Rate QSM by Three-Phase Correlation
The CIS camera and WSMI realize frame-rate QSM as follows. Figure 7 illustrates a schematic of the developed 3PSMI, in which an object with a spectral reflectance R ij (λ) is placed under the WSMI and imaged by the CIS camera.
The peak wavelength λ 0 (t) of the WSMI is swept linearly to time t in the range [λ min , λ max ] during a frame period T of the CIS, as expressed by As mentioned in Sec. 3.2, the spectral power distribution of the WSMI on the object, denoted by E ij (λ, t), is made inversely proportional to the spectral sensitivity of the CIS camera S(λ) at all peak wavelengths λ 0 (t). E ij (λ, t) is then expressed by
where δ(λ) denotes a Dirac δ function and I ij is a constant accounting for spatial distribution of intensity. Under this illumination, the image intensity f ij (t) of the object on the CIS is given by
where E bg (λ, t) denotes the time-varying spectral power distribution of unknown background illumination. Substituting Eqs. (19) and (20) into Eq. (21) yields
where n ij (t) accounts for disturbance due to the background illumination E bg (λ, t). QSM of the ac componentR i j (λ) of R ij (λ) is then performed for the intensity signal f ij (t) on the CIS. For this purpose, reference signals g k (t) (k = 1, 2, 3) are generated from a known orthonormal pair of ac reference spectra ψ 0 (λ) and ψ ⊥ (λ) as
Vector interpretation of Eq. (24) (18) as
where ξ k (i, j) (k = 1, 2, 3) account for output noise components of the CIS. It is reasonable to assume that the background disturbance n ij (t) is uncorrelated to the reference signals g k (t), so that 
where φ ij and α ij are the azimuth and elevation angles, respectively, of the ac spectral reflectanceR i j (λ) with respect to the 
In Eqs. (27) and (28), A ij , regarded as the magnitude of temporal correlation, is proportional to both the spatial intensity distribution I ij of the WSMI and the magnitude of the projec-
Taking account of the output noise ξ k (i, j) in Eq. (27), φ ij and A ij are optimally derived from Q k (i, j) by a least-squares estimation 29 as
On the basis of the argument in Sec. 2.2, Eqs. (27)-(30) suggest advantages of the 3PSMI as follows:
(1) QSM of the ac object spectrumR i j (λ) to the orthonormal pair of reference spectra ψ 0 (λ) and ψ ⊥ (λ) is realized pixelwise at the frame rate of the CIS. (2) The azimuth angle φ ij ofR i j (λ) with respect to the ψ 0 (λ)-ψ ⊥ (λ) plane, which quantifies the degree of spectral matching, is estimated independently of the norm ||R i j (λ)||, as well as of the spatial intensity distribution I ij of the WSMI. Moreover, background illumination E bg (λ, t) is also removed through temporal correlation. 
PC three-phase reference signals output images
sync Fig. 7 Schematic of the 3PSMI.
Time-Reversal Wavelength Sweep
The wavelength sweep of the WSMI is repeated in every frame of the CIS. This implies that the peak wavelength λ 0 (t) in Eq. (19) is swept in a sawtooth manner to make the intensity signal f ij (t) discontinuous at the beginning of every frame, as depicted in Fig. 9 (a). The waveform of f ij (t) with this discontinuity can considerably be distorted, however, by the low-pass characteristic of the pixel circuit of the CIS. 35 The result of QSM will then not coincide with that that would be obtained for an undistorted intensity signal.
To avoid this problem, we propose a scheme of sweeping λ 0 (t) in a triangular manner as
This scheme increases the speed of sweeping λ 0 (t) twice and reverses the sweeping direction between the earlier and later halves of a single frame T, as depicted in Fig. 9(b) . Accordingly, the reference signals g k (t) in Eq. (24) are compressed to the earlier half of the frame and then reversed in time in the later half. This synchronizes g k (t) with f ij (t) to ensure that the CIS executes QSM properly.
Experiments 4.1 Realization of Wavelength-Swept Monochromatic Illumination
To realize the 3PSMI proposed in Sec. 3, we implemented the WSMI on the PSLS to achieve the specifications shown 
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December 2011/Vol. 50(12) 127208-6 R ij (λ 0 (t)) in Table 3 . The wavelength range was limited to 450-700 nm, instead of 400-700 nm in typical spectral imaging, because both the light intensity of the PSLS and the sensitivity of the CIS camera were found considerably low in 400-450 nm. The bandwidth was narrowed down to 10 nm, leading to potential 25-dimensional spectral matching. The illuminated area, on the other hand, was limited to about 25 mm diam because the narrow bandwidth results in loss of light power outside of the peak wavelength region.
The peak intensity of the WSMI must be inversely proportional to the spectral sensitivity of the CIS camera S(λ), as mentioned in Sec. 3.2. Figure 10 shows the spectral sensitivity measured with a monochromator (Koken Kogyo, Iruma, Saitama, Japan, SG-250E), a reflectance standard (Labsphere, North Sutton, NH, USA, SRS-99-20), and a spectroradiometer (Optronic Laboratories, Orlando, FL, USA, OL600).
The peak intensities of the WSMI were also measured on the reflectance standard. Instead of fitting them to the inverse of the spectral sensitivity in Fig. 10 , we recursively adjusted them until the average intensity in the illuminated area on the reflectance standard in CIS images became flat for all of the peak wavelengths. The measured spectral sensitivity in Fig. 10 was used for initializing peak intensities in the recursive process. After the process terminates, the image intensity on the CIS camera f ij (t) becomes exactly proportional to the spectrum R ij (λ) of an object for each peak wavelength of the WSMI, as described in Eq. (22) . This approach optimally reduces the effect of inherent input-to-output nonlinearity of the PSLS. Figure 11 (a) shows the spectral power distributions of the WSMI after three repetitions, measured for every 5 nm of peak wavelengths. Figure 11(b) shows the average intensities of the reflectance standard in the CIS images under the WSMI over three repetitions, plotted against the peak wavelength. The flat response over 450-700 nm after three repetitions in Figure 11 (b) confirms that the WSMI was successfully realized.
Object and Method
To evaluate the performance of the developed 3PSMI, we introduced an object consisting of many color patches whose The spectral reflectances of the color patches were measured with a multichannel spectrometer (StellarNet EPP2000C, Tampa, FL, USA). Figure 13 shows the measured spectral reflectances, where the number corresponds to the color patch in Fig. 12 . From the spectral reflectances, 90 orthonormal pairs of reference spectra ψ 0 (λ) and ψ ⊥ (λ) were generated by the hybrid method described in the last section of the Appendix, as shown in Fig. 14. The result of QSM, an operation linear to ac object spectra, does not easily translate into colorimetric interpretation, which is usually based on nonlinear models. The 1976 CIE L*, u*, v* space (CIELUV space), however, preserves a certain degree of linearity in that additive mixtures of different color illuminants fall on the same line in the (u , v ) chromaticity diagram of the CIELUV space 36 . The chromaticity (u , v ) for an object spectrum R(λ) is derived from the tristimulus values (X, Y, Z) for R(λ) as
The hue angle h uv is the orientation angle of the chromaticity difference from the reference white, as given by
where (u n , v n ) denotes the chromaticity of the reference white with R(λ) = 1. In other words, h uv denotes the angle of a projection (u , v ) of tristimulus values (X, Y, Z). h uv is thus reasonably compared to the azimuth angle φ in QSM, which is the orientation angle of the projection of an ac object spectrumR(λ) onto the ψ 0 (λ)-ψ ⊥ (λ) plane. Figure 15 shows theoretical results computed by applying QSM to the spectral reflectances of the 90 color patches in Fig. 13 with reference pairs numbers 38 and 81 in Fig. 14 .
Each radial line segment denotes the projection of the spectral reflectance of the color patch that has the same color onto the ψ 0 (λ)-ψ ⊥ (λ) plane. The length of each line segment is differently scaled by the norm of the ac spectral reflectance ||R(λ)|| as well as the cosine of the elevation angle α, cos α, as discussed in Sec. 2.2. It is observed that the azimuth angle φ of the line segment is exactly zero for the spectral reflectance used for ψ 0 (λ), and gradually varies from zero according to the change in waveform of the spectral reflectances, independently of the length of the line segments. These diagrams are compared to CIELUV chromaticities (u , v ) of the same spectral reflectances shown in Fig. 16 , which also exhibits a radial pattern of line segments emanating from the reference white point (u n , v n ).
An error in the azimuth angle φ can be translated into an error in the CIELUV hue angle h uv as follows. For changes in the object spectrum, both the CIELUV hue angle h uv and the azimuth angle φ for a fixed pair of reference spectra jointly change. The relation between φ and h uv is then modeled by a mapping function φ = F(h uv ). This relates the error δφ in φ approximately to the error δh uv in h uv up to the first order as δφ (dF/dh uv )δh uv . When the mapping function F is available, δh uv is estimated from δφ as
Imaging Results
We performed QSM for the object in Fig. 12 on the developed 3PSMI with each orthonormal pair of reference spectra in Fig. 14 , acquiring 90 composite output images of temporal correlation. Figures 17(a) and 18(a) show output images of QSM for reference pairs 38 and 81, respectively. The brightness and hue of the images represent the magnitude of temporal correlation A ij and azimuth angle φ ij , respectively, the latter of which is color-coded as in Fig. 19 . The white triangles indicate the color patches used for ψ 0 (λ). It is observed that the images in Figs. 17(a) and 18(a) exhibit the color that stands for an azimuth angle φ ij 0 within the color patches whose spectral reflectances R ij (λ) were used for ψ 0 (λ), as expected.
The azimuth angle φ ij was averaged within each color patch in each of the 90 output images. 83  84  81  82  87  88  85  86  89  9 0   73  74  71  72  77  78  75  76  79  80   63  64  61  62  67  68  65  66  69  70   53  54  51  52  57  58  55  56  59  60   43  44  41  42  47  48  45  46  49  50   33  34  31  32  37  38  35  36  39  40   23  24  21  22  27  28  25  26  29  30   13  14  11  12  17  18  15  16  19 spectral reflectances in Fig. 13 and reference pairs 38 and 81 in Fig. 14 , which suggest the case of ideal spectral imaging where narrowband spectral images of the same object are acquired noiselessly and then the azimuth angles are computed off-line from them. The error of the average azimuth angle from the theoretical curve thus serves as a measure of accuracy of the 3PSMI compared to ideal spectral imaging. It is observed in Figs. 17(b) and 18(b) that the average azimuth angle is nearly equal to zero for the hue angle of the color patch for ψ 0 (λ) and agrees well overall with the theoretical curves.
Statistics of the error of the average azimuth angle from the theoretical value were collected over all 90 color patches Table 4 . In Fig. 20 , the thick arrows indicate particularly large errors, which were obtained for reference pairs 31-35 and will be discussed in Sec. 5.2. Table 4 also lists the averages of m p (δφ) and σ p (δφ) excluding these large errors, denoted by m p (δφ) −5 and σ p (δφ) −5 , respectively.
The error of the average azimuth angle within each color patch was also translated into the error in CIELUV hue angle by Eq. (35) , where the mapping function F was derived by interpolating the theoretical values for each image. Statistics of the error in CIELUV hue angle translated from the average azimuth angle are also shown in Table 4 , where the statistical quantities corresponding to the counterparts for the average azimuth angle [e.g., m p (δφ) and σ p (δφ), are denoted by replacing δφ with δh uv , e.g., m p (δh uv ) and σ p (δh uv ]. noise, quantization noise, 1/f noise, kTC noise, and fixed pattern noise (FPN). 37 FPN is spatial noise, whereas the other sources are all temporal noise. In the CIS, the noise components ξ k (i, j) (k = 1, 2, 3) in the temporal correlations Q k (i, j) in Eq. (27) are considered to mostly consist of photon shot noise, read noise, and FPN, while 1/f noise and kTC noise are effectively suppressed by on-chip correlated double sampling circuits. 37 Quantization noise, which occurs at the off-chip 10-bit A/D converters with a standard deviation of 1/ √ 12 counts, and dark current shot noise are also neglected because they are much smaller than the average light intensity mentioned later (around 2 9 = 512 in 10-bit full scale). We note that dark current is separately recorded beforehand and subtracted from CIS outputs in every frame.
Discussion

Influence of Correlation Image Sensor Noise
We assume the noise components ξ k (i, j) to be mutually independent and identically distributed among the three channels, because the temporal correlateions Q k (i, j) are produced and output in different paths with identical circuit structure. 29 The variance of ξ k (i, j) is then denoted by a single quantity σ with the average light intensity f ij (t) and the frame period T as σ
The effect of noise is usually evaluated for signal-to-noise ratio (SNR). In CIS applications, the most desirable level of average light intensity f ij (t) is taken in the middle point of the dynamic range. At this average intensity, the correlation magnitude A ij in Eq. (30) is maximized because the light signal f ij (t) in Eq. (22) can oscillate above and below the average level with maximal swing. For an object that causes f ij (t) to oscillate with maximal swing, the correlation magnitude A ij is empirically found to be about one third of the average intensity [A ij ∼ (1/3) f ij (t) ]. We note that f ij (t) is proportional to half the full well size N well above the dark current level n dark , i.e. f ij (t) ∝ N well − n dark , where n dark ∝ T grows for a longer frame period T.
Differentiating Eq. (29) by Q k (i, j), we find that the noise ξ k (i, j) introduces an error δφ ij in the azimuth angle φ ij in Eq. (29) as follows:
Taking into account Eq. (30), the relation A ij ∼ (1/3) f ij (t) , and the independence among ξ k (i, j), the error variance of φ ij , denoted by σ 2 φ , is then derived by taking an expectation of δφ
where the term (σ ξ / f ij (t) ) 2 accounts for the reciprocal of the power SNR for ξ k (i, j) with respect to f ij (t) .
At this average intensity, the SNRs of Q k (i, j) for temporal noise, including photon shot noise and read noise, and for FPN were experimentally measured as 41 and 36 dB, respectively, for all k, giving the total SNR of 35 dB for ξ k (i, j). This total SNR yields the standard deviation of the azimuth angle as σ φ ∼ 4.7 deg. For the 90 color patches in Sec. 4.3, we can further translate this standard deviation to that of the CIELUV hue angle h uv , namely 9.9 deg, using the root-mean square of the conversion factor (dF/dh uv ) − 1 in Eq. (35) over the 90 pairs of reference spectra ( = 2.1). It is noteworthy that these values are comparable to the error standard deviations in Table 4 . Using this conversion factor and Eq. (37), we find, for example, that a total SNR of 55 dB is required to differentiate 1 deg in h uv for the same object. while averaging multiple frames and keeping the average intensity in the CIS output unchanged from the middle point of dynamic range. The combination of higher frame rate and multiple-frame averaging effectively suppresses σ 2 shot , σ 2 read , σ 2 FPN , and n dark , while the same average intensity in the CIS output maintains the magnitude of A ij . The light intensity, however, is difficult to increase on the current PSLS in Fig. 6 , and further improvement is thus desired.
Influence of Correlation Image Sensor
Frequency Response In the accuracy evaluation of the 3PSMI in Sec. 4.3, the results for reference pairs 31-35 in Fig. 14 showed particularly large errors. As a source of these large errors, we suspect the low-pass frequency response of the CIS pixel circuit. 35 We recall that the WSMI sweeps its peak wavelength in a timereversal manner in every frame, as proposed in Sec. the reference signals g k (t) (k = 1, 2, 3). For an object with a spectral reflectance that matches well either of the reference spectra ψ 0 (λ) or ψ ⊥ (λ), however, the intensity signal f ij (t) of the light reflected from it, on being detected by the CIS pixel circuit, tends to be distorted to lose high-frequency components because of its low-pass frequency response. This distortion modifies temporal correlation outputs Q k (i, j) (k = 1, 2, 3) from theoretical responses on the CIS. Large errors can also occur when Q k (i, j) themselves are very small because of the low signal-to-noise ratio in Q k (i, j). These factors can degrade the accuracy of the azimuth angle φ ij , estimated by Eq. (29) . Following the argument above, we examined how the error in estimated azimuth angle in Fig. 20 is related to high-frequency components of reference spectra and the magnitude of temporal correlation A ij . To evaluate the degree of high-frequency components in the time-reversed reference spectra, we introduced the harmonic power ratio (HPR), which is the ratio of the power of the higher-order harmonic components to that of the fundamental frequency component. The magnitude of temporal correlation was averaged over all the color patches in the QSM image acquired with each reference pair. Figure 21 shows the HPRs and the relative average magnitude of temporal correlation for each orthonormal pair of reference spectra ψ 0 (λ) and ψ ⊥ (λ), plotted against the CIELUV hue angle for the spectral reflectance used for ψ 0 (λ). It is observed that a high HPR for ψ ⊥ (λ) and a small magnitude of temporal correlation simultaneously occur for reference pairs 31-35. This observation partly, though not completely, supports our conjecture that use of reference spectra with large power in high-frequency components and small magnitude of temporal correlation jointly affected the accuracy of the developed 3PSMI in estimating the azimuth angle. It requires further study to fully understand the error mechanism in the 3PSMI.
Colorimetric Comparison to
Red-Green-Blue Imaging The error statistics on the 3PSMI evaluated in Sec. 4.3 suggest the smallest degree of difference in spectral reflectances the 3PSMI can distinguish. The error statistics in CIELUV hue angle were further compared to those that would be obtained with RGB cameras for the same object in Fig. 12 . Figure 22 shows measured RGB spectral sensitivities S r (λ), S g (λ), S b (λ) of two cameras (Canon EOS D30 and D60) used for this comparison. For these spectral sensitivities, RGB imaging of the object in Fig. 12 under an illumination with a perfectly flat spectral power distribution, and estimation of the spectral reflectances of the color patches from the RGB camera outputs, were successively simulated on a personal computer, with wavelength λ discretized into M samples as λ 1 , . . . , λ M . For the spectral reflectance, R(λ) of a color patch, RGB outputs ρ r , ρ g , ρ b from a camera were computationally generated as
. . . From the RGB output vector ρ, the spectral reflectance vector r was estimated with a generalized inverse of the spectral sensitivity matrix S as
A Wiener filter 21 can be alternatively employed instead of the generalized inverse matrix when camera output noise is significantly large. From the estimated spectral reflectance, the CIELUV hue angle h uv was computed via tristimulus values (X, Y, Z) and its error from the theoretical value was evaluated. Table 5 lists the averages and standard deviations of the errors in the estimated CIELUV hue angle for the two RGB cameras, with noise included in the camera output with a standard deviation of 0% (i.e., noiseless), 1 and 3% with respect to the maximum output value. The noise level of 1% reflects the actual SNRs of D30 and D60, which were measured as 38 and 41 dB, respectively, over the higher half of dynamic range with temporal noise and FPN combined. Most off-the-shelf RGB cameras do not allow as high SNRs as these cameras, having a typical noise level of ∼3%. In Table 5 , both the averages and standard deviations in CIELUV hue angle grow as the noise level increases from 0 to 3%.
Comparing the overall error statistics in CIELUV hue angle on the 3PSMI excluding reference pairs 31-35, given in the eighth row in Table 4 , to those in Table 5 , the standard deviation on the 3PSMI (σ p (δh uv ) −5 = 7.3 deg) is smaller than that for the estimated RGB imaging with 3% noise (9.0 deg for D30 and 11 deg for D60), though the average on Fig. 12 with smaller color difference in CIELUV hue angle, or in essence, smaller difference in spectral reflectance, than RGB imaging with an off-the-shelf camera, provided that an orthonormal pair of reference spectra other than numbers 31-35 are used.
Conclusion
The 3PSMI has been proposed for implementing a novel spectral matching method QSM in real time. QSM consists in spectral correlation between an ac object spectrum and an orthonormal pair of reference spectra, being equivalent to projecting the ac object spectrum onto a two-dimensional subspace spanned by the reference spectra. The 3PSMI, comprised of a CIS camera and WSMI, performs QSM at each pixel on the CIS at a video frame rate. As an improvement over previous SMIs, similarity of the ac object spectrum to the reference spectra is evaluated in terms of the azimuth angle of the projection, independently of the norm of the ac object spectrum and spatial intensity distribution of the WSMI. Another improvement has been achieved by use of the PSLS for the WSMI, which has made the 3PSMI unaffected by the spectral characteristics of the WSMI and CIS. Experimental results obtained for color patches have confirmed that the developed 3PSMI can distinguish color patches with a smaller difference in spectral reflectance in real time than RGB imaging with off-the-shelf cameras. Although more improvement is necessary, the results presented in this paper makes us believe the 3PSMI to be a promising tool for applications such as visual inspection of industrial products, growth monitoring of agricultural products, biomedical diagnosis, and counterfeit detection, 
Hybrid of GS and SVD
This method is useful when we want to orthogonalize one ac spectrumR 1 (λ) to any of the other ac spectraR n (λ) (n = 2, . . . , N) [ Fig. 23(d) ]. First, ψ 0 (λ) is generated by Eq. (40). Next, N − 1 normalized ac spectra ψ n (λ) (n = 2, . . . , N) are generated individually from ψ 0 (λ) andR n (λ) by the GS method in Eqs. (41) and (42). Finally, ψ ⊥ (λ) is extracted as the basis vector corresponding to the largest singular value after applying SVD to ψ n (λ) (n = 2, . . . , N).
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